1. The enzyme activity of the pyruvate dehydrogenase complex (PDHC) was measured in mitochondria prepared from developing rat brain, before and after steady-state dephosphorylation of the Ela subunit. A marked increase in dephosphorylated (fully activated) PDHC activity occurred between days 10 and 15 post partum, which represented approx. 60% of the difference in fully activated PDHC activity measured in foetal and adult rat brain mitochondria. There was no detectable change in the active proportion of the enzyme during mitochondrial preparation nor any qualitative alteration in the detectable catalytic and regulatory components of the complex, which might account for developmental changes in PDHC activity. 2. The PDHC protein content of developing rat brain mitochondria and homogenates was measured by an enzyme-linked immunoadsorbent assay. The development of PDHC protein in both fractions agreed closely with the development of the PDHC activity. The results suggest that the developmental increase in PDHC activity is due to increased synthesis of PDHC protein, which is partly a consequence of an increase in mitochondrial numbers. However, the marked increase in PDHC activity measured between days 10 and 15 post partum is mainly due to an increase in the amount of PDHC per mitochondrion. 3. The development of citrate synthase enzyme activity and protein was measured in rat brain homogenates and mitochondria. As only a small increase in citrate synthase activity and protein was detected in mitochondria between days 10 and 15 post partum, the marked increase in PDHC protein and enzyme activity may represent specific PDHC synthesis. As several indicators of acquired neurological competence become apparent during this period, it is proposed that preferential synthesis of PDHC may be crucial to this process. 4. The results are discussed with respect to the possible roles played by PDHC in changes of respiratory-substrate utilization and the acquisition of neurological competence occurring during the development of the brain of a non-precocial species such as the rat.
INTRODUCTION
Pyruvate dehydrogenase complex (PDHC) is a multienzyme complex whose known components include El (pyruvate dehydrogenase, EC 1.2.4.1), E2 (dihydrolipoamide transacetylase, EC 2.3.1.12) and E3 (dihydrolipoamide dehydrogenase, EC 1.8.1.4). These enzymes collectively catalyse the oxidative decarboxylation of pyruvate and acetylation of CoA. In the mature mammalian brain, the complex assumes unique importance, primarily in glucose utilization (Smith & Sokoloff, 1981) , but also in the synthesis of acetylcholine (Tucek & Cheng, 1974) . As a consequence of the interposition of the complex between glycolysis and the tricarboxylic acid cycle, the complex is endowed with highly responsive allosteric and covalent regulatory mechanisms (Cate & Roche, 1978; Olson et al., 1981) . The complex is inactivated by pyruvate dehydrogenase kinase (EC 2.7.1.99) , which phosphorylates the a-subunit ofpyruvate dehydrogenase (E1), and is re-activated by pyruvate dehydrogenase phosphatase (EC 3.1.3.43) , which dephosphorylates El (Randle, 1981; Reed, 1981) . The concentration ratios acetyl-CoA/CoA and NADH/NAD+ modulate both kinase and phosphatase reactions, so that pyruvate flux is responsive to the energetic and synthetic requirements of the cell (Cooper et al., 1975; Olson et al., 1981) .
During the normal development of the rat brain, ketone bodies and glucose are respiratory substrates, whereas the energy requirements of the adult rat brain are amost entirely fulfilled by glucose oxidation (Page et al., 1971; Cremer & Heath, 1974) . Previous studies in our laboratory have suggested that the acquisition of neurological competence may be a correlate of the development of aerobic glycolytic flux, which may be in turn limited by the developmental increase in PDHC activity (Land et al., 1977; Booth et al., 1980; Leong & Clark, 1984) . However, contributions to the increase in PDHC activity may be made by proliferation of mitochondria, an increase in the proportion of active complex or even a change in the subunit composition. In this study, we have investigated these possibilities by enzyme assays, reversible phosphorylation of El, immunoblotting and quantitative immunochemical assay. The study was carried out on 10-and 15-daypost-partum brain homogenates and mitochondria, as previous studies indicated that mitochondrial-bound hexokinase and pyruvate dehydrogenase develop rapidly Vol. 238 Abbreviations used: PDHC, pyruvate dehydrogenase complex; ELISA, enzyme-linked immunoadsorbent assay. 729 during this time, suggesting that complete aerobic utilization of glucose correlated with the acquisition of co-ordinated motor control and visual perception (Booth et al., 1980) . The results of the present study show that there is little or no qualitative alteration in the subunit composition of PDHC or the ability of the complex to be reversibly deactivated by phosphorylation and dephosphorylation. However, immunochemical and enzyme assays suggest that, between days 10 and 15 post partum, a specific and preferential increase in the amount of PDHC per mitochondrion results in a marked increase in PDHC activity. The results support the view that synthesis of PDHC correlates with the onset of neurological competence of the 'non-precocial' rat.
MATERIALS AND METHODS Animals
Rats of the Wistar strain were used. Age was measured in days post partum. The age of foetal animals was estimated by counting the numbers of days elapsed since the detection of vaginal plugs. Adult animals were males of 60-70 days of age. Animals of either sex were used at the other ages. Adult rats were fed ad libitum, and immature rats were allowed to suckle as normal. The 10-day-old animals were characterized by a lack of motor co-ordination and visual perception; 15-day-old animals had acquired both these apparent indices of neurological competence.
Chemicals
The sources of chemicals used in the preparation of mitochondria and in enzyme assays were as described previously (Leong & Clark, 1984 Non-synaptic mitochondria were prepared from whole brain as described by Lai et al. (1977) , with the modifications used by Booth & Clark (1978a) (Glynn & Chappell, 1964; England, 1979 (Booth & Clark,1978b) . Mitochondria were recovered by centrifugation at 10000 g for 2 min and resuspended to approx. 4 mg of protein/ml in KCl medium containing 1 mM-[y-32P]ATP, 40 ,g of oligomycin/ml, 20,tg of ionophore A23187/ml and 5 mM-K-EGTA. Phosphorylation was allowed to proceed for 15 min, and then the mitochondria were pelleted as described above and washed in KCl medium at 4 'C. Mitochondria were resuspended in KCl medium with the addition of 5 mM-MgCl2 and 0.5 mM-CaCl2. Samples were taken throughout the incubation and prepared for electrophoresis and autoradiography. This indicated that dephosphorylation was achieved within 5 min and that the small amount of radioactivity retained by the complex was not removed by extending the incubation for a further 25 min. In addition the activity measured after 5 min incubation with 5 mM-Mg2+ and 0.5 mM-Ca2+ was the same as that measured after 30 min incubation with Mg2+ and Ca2+ before deactivation with ATP. SDS/polyacrylamide-gel electrophoresis and autoradiography Samples (0.2 ml), taken during phosphorylation and dephosphorylation incubations, were mixed with 0.5 ml of 10% (w/v) trichloroacetic acid containing 50 mmsodium phosphate. A sample was also prepared from mitochondria added to a mixture of [y-32P]ATP and 100 trichloroacetic acid, which was used as a control. Samples were incubated at 4 'C for at least 5 min. The precipitated protein was sedimented and washed six times in trichloroacetic acid/phosphate and then three times in diethyl ether. Samples were resuspended in 100%
SDS by sonication and then diluted into electrophoresis sample buffer (Laemmli, 1970) . Samples containing 730 Development of rat brain pyruvate dehydrogenase complex approx. 130 ,sg of protein were separated on SDS/ 100% -polyacrylamide slab gels as described by Laemmli (1970) . Completed gels were fixed in 50% (v/v) methanol/I 0% (v/v) acetic acid and stained with 0.100 (w/v) Coomassie Blue in the same solvent. After destaining in methanol/acetic acid, gels were equilibrated with 700 acetic acid, vacuum-dried and exposed to Kodak X-O-Mat film for 3-7 days at room temperature. Preparation of antibodies Bovine heart PDHC was purified as described by Stanley & Perham (1980) , by using poly(ethylene glycol) precipitation but omitting gel filtration on Sepharose CL-2B. The purified complex had a specific activity of 380 munits/mg of protein and was stored at -196 'C. Citrate synthase from pig heart was purchased from Sigma. Polyclonal antibodies to PDHC and citrate synthase were raised in New Zealand White rabbits. The immunogen contained 0.35 mg of antigen/ml in phosphate-buffered saline (0.14 M-NaCl, 2.7 mM-KCl, 1.5 mM-KH2PO4, 8.1 mM-Na2HPO4), emulsified with 2.5 vol. of Freund's complete adjuvant. Rabbits were injected with 10 mg of antigen into two subcutaneous sites and one intramuscular site. Each rabbit then recieved three booster injections of 50 mg of antigen in incomplete adjuvant at 2-weekly intervals, and were bled 10 days after the last injection. The blood was allowed to clot overnight at 4 'C, and then decanted and centrifuged at 1000 g for 5 min at 4 'C. Immune serum and pre-immune serum controls were stored in small portions at -20 'C and re-centrifuged immediately before use. lmnunoblotting After electrophoresis, gels were equilibrated for 45 min with electroblot buffer (10 mM-Tris/ 192 mM-glycine/ 200% methanol), and then transferred electrophoretically to nitrocellulose at 13 V/cm for 4 h in electroblot buffer at 4 'C. After transfer, the nitrocellulose sheets were stored overnight at 4 'C in phosphate-buffered saline, containing 3 % (w/v) haemoglobin. Each blot was incubated with a 100-fold dilution of antisera for 1 h at room temperature and then washed three times (30 min each) in phosphate-buffered saline containing 0.10% Tween-20.
The nitrocellulose sheets were then incubated with a 1:500 dilution of pig anti-rabbit immunoglobulins conjugated to horseradish peroxidase in phosphatebuffered saline/Tween-20 for 1 h. The blots were washed as above and developed by treatment with 1 mM-4-chloronaphth-1-ol in 0.010 (v/v) H202. Enzyme-linked immunoadsorbent assay (ELISA) Rat brain homogenate and mitochondrial protein were made to 10% (w/v) in SDS and then diluted to 50 ,ug of protein/ml with carbonate buffer (50 mM-Na2CO3, pH 9.6). The protein concentration was then re-checked by Folin assay (Lowry et al., 1951 RESULTS PDHC activity in mitochondria of developing brain: measurement of active proportion and total activity The PDHC activity of freshly prepared mitochondria was measured and compared with the activity after steady-state dephosphorylation (Table 1, 
columns b-d).
The steady state was established by a time course of enzyme assays of mitochondria incubated with 0.5 mM-Ca2+ and 5 mM-Mg2+. These indicated that maximal activity was attained after 5 min and remained unchanged during the next 25 min. Table 1 shows that the PDHC activity of freshly prepared mitochondria increases with age, with a particularly large increment occurring between days 10 and 15 post partum. The marked increase in steady-state dephosphorylated (fully activated) PDHC activity occurring between these times accounts for about 60% of the change in activity from foetus to adult. It is also apparent that there is no change in the active proportion of the enzyme during the isolation of mitochondria (see the Discussion section).
Subunit composition of PDHC during development
The presence of pyruvate dehydrogenase kinase and pyruvate dehydrogenase phosphatase was demonstrated by reversible phosphorylation in the presence of [y-32P]ATP. Identification of the Ela subunit was performed by SDS/polyacrylamide-gel electrophoresis, immunoblotting and autoradiography (Fig. 1) . Lane (e) in Fig. 1 shows an immunoblot of mitochondrial protein incubated under phosphorylating conditions. The antibody reacts most strongly with the E2, Ela and El/J subunits. The E3 subunit and component X (De Marcucci et al., 1985) were not detected. In addition the E2 subunits of rat brain PDHC (Fig. 1 , lane e) and bovine heart PDHC (Fig. 1, lane f) are dissimilar, as reported by Sheu & Kim (1984) . This is a species, not tissue, difference (results not shown). In addition to E2 and El subunits, the blot shows two components immunochemically stained by PDHC antibody, whose mobility is intermediate between those of EIa and ElI, (arrowheads; Fig 1, lane e) . These components are very minor components of purified bovine PDHC (Fig. 1, lane (Fig. 1, lane d) . Although the Mr45 500 = -_r component has similar mobility to branched-chain a E 0t X dehydrogenase El subunit (Patel & Olson, 1982) propose that the Mr,45 500 component is either the pyruvate dehydrogenase kinase or the El subunit of the branched-chain complex.
The demonstration of reversible phosphorylation of Ela is indicative of the presence of both pyruvate dehydrogenase kinase and phosphatase, which were detected at each age studied, with no qualitative age-related change in the results obtained (results not shown). At each age, between 75 and 99o% of the total detected radioactivity was associated with Ela. Incubation of mitochondria with ATP also resulted in deactivation of PDHC enzyme activity (Table 1, columns e and f). The amounts of activity left after 15 min incubation of mitochondria from rat brains at different stages of development were similar, although neither the steady-state extent of phosphorylation nor the kinetics ofphosphorylation were measured. Immunoblotting for PDHC in developing rat brain mitochondrial protein demonstrated the presence of all components recognized by the antibody, at each age studied (Fig. 2) . These components were the E2, Ela and El1 subunits. The component X (De Marcucci et al., 1985) was clearly identified in 5 jug of purified bovine complex (Fig. 2, lane  a) , but barely detectable among 50 ,ug or less of brain mitochondrial protein (Fig. 2, lanes b-g) . The E3 component was not recognized in any lane on Fig. 2 , which agrees with the low immunogenicity of E3 reported by De Marcucci et al. (1985) . Careful comparison of Fig. 2 lanes (b)H(e) also suggests an increase in the amount of PDHC per mitochondrion, consistent with the increase in PDHC activity. This is apparent by comparison of the equal loadings of day-10 and -15 mitochondrial protein (Fig. 2, lanes c and d) in which the intensity of the bands intermediate between the Ela and E1I, bands increases. The intensity of these bands, which are probably proteolytic breakdown products of the PDHC, may be used as a measure ofPDHC mitochondrial protein, as indicated in the different loadings of adult mitochondrial protein (Fig. 2, lanes e-g) . Fig. 2 also demonstrates that the apparent Mr of bovine E2 (Fig 2,  lane a) is greater than that of rat brain E2 (Fig. 2,  lanes b-g) . Measurement of PDHC in developing rat brain mitochondria and homogenates by ELISA Immunoblotting suggested that increased PDHC activity might be due to an increase in enzyme protein concentration. Thus an ELISA was devised either to confirm or to disprove this. In addition, the development of PDHC in isolated mitochondria was compared with its development in homogenates to estimate the proportion of PDHC activity increase that could be attributed to an increase in mitochondrial numbers, as distinct from an increase in specific enzyme protein per mitochondrion. As the staining pattern of the PDHC did not change during development (Fig. 2) , any quantitative change measured by ELISA was unlikely to be due to qualitative differences in the recognition of antigen at different developmental stages.
The PDHC content of homogenates and mitochondria was measured in absorbance units per ng of protein. The PDHC content at each age was then expressed as a Table 1 , and tabulated values are given in Tables 2 and 3 percentage of that measured in the corresponding fraction of adult rat brain. In Table 2 the data obtained from this analysis were compared with the development of steady-state dephosphorylated PDHC activity at each age, expressed as a percentage of that measured in the adult. Fig. 3 ). There is, however, a large increase in PDHC per mitochondrion between days 10 and 15 postpartum, whereas the increase in homogenates between these times is relatively limited. This clearly suggests that the measured increase in PDHC activity between days 10 and 15 post partum is mainly a product of an increase in the amount of PDHC protein per mitochondrion, as opposed to an increase in mitochondrial numbers. 
DISCUSSION
This study has examined the development of PDHC in the rat brain to ascertain whether the increase in enzyme activity measured in this and previous studies (Land et al., 1977; Booth et al., 1980) (Land et al., 1977; Booth et al., 1980) (Fazekas et al., 1941; Samson & Dahl, 1957) . This period also corresponds with the time of emergence of electrical excitability in the cerebral cortex (Millichap, 1957) , a pronounced change in neuro-muscular co-ordination, the acquisition of visual perception and a marked increase in the swimming ability of the animal (Schapiro et al., 1970) . There is, in addition, evidence to suggest that the enzymes associated with the complete oxidation of glucose correlate with this onset of neurological competence (Booth et al., 1980) . In the 'precocial' guinea pig, which is born in a relatively advanced stage of development, the enzymes associated with the utilization of glucose develop before birth, whereas in the 'non-precocial' rat they develop after birth. Previous studies in our laboratory have indicated that the development of PDHC may lag behind other enzymes of energy metabolism (Land et al., 1977; Booth et al., 1980; Leong & Clark, 1984) . This implicates PDHC development as an important influence in brain maturation, as the complex connects the flux of glycolytic products from glucose to the tricarboxylic acid cycle, which becomes the predominant pathway for energy metabolism in the normal mature brain. The relatively earlier development of citrate synthase. however, is consistent with the need for tricarboxylic-acid-cycle enzyme activity during the neonatal period ofketone-body utilization. The relatively lower content of PDHC per mitochondrion from birth to 10 days post partum is also consistent with the relatively higher arteriovenous difference for lactate in the neonatal rat brain (Hawkins et al., 1971) .
This study has shown conclusively that, during the onset of neurological competence, there is a relatively large increase in the amount ofPDHC per mitochondrion, whereas, for another mitochondrial enzyme, citrate synthase, this is not the case. This is further evidence for the view that the development of a fully active aerobic glycolysis is a crucial factor in the development of neurological competence, and that PDHC is a key element in this process.
